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Improvements in methods for predicting heat transfer rates on the hot gas side 
of turbine airfoils are necessary for improved turbine durability and performance. 
The development and verification of improved analytical models requires a systematic, 
closely coupled experimental and analytical program. 
Work in this area has been performed under two contracts. The first, NAS 3-22761, 
addressed the problem of the prediction of hot gas side heat transfer rates to 
internally cooled (non-film cooled) airfoils. This effort was completed this year. 
The second contract, NAS 3-23695, is currently underway and will investigate the 
effect of leading edge "showerhead" film cooling on downstream heat transfer rates. 
The objectives of the first contract were to assess the capability of currently 
available modeling techniques to predict airfoil surface heat transfer distributions 
in a 2-D flow field, acquire experimental data as required for model verification, 
and to make and verify improvements in the analytical models. 
Two data sets, Turner (ref. 1) and Lander (ref. 2), were selected from the 
literature for use in evaluating existing models. Two additional airfoils were 
chosen for cascade testing under this contract. These airfoils, designated the 
Mark I1 and C3X, are representative of highly loaded, low solidity airfoils currently 
being designed. The aerodynamic configurations of the two vanes were carefully 
selected to emphasize fundamental differences in the character of the suction 
surface pressure distributions and the consequent effect on surface heat transfer 
distributions. Cross sections of the four airfoils and the grid used to make 
inviscid flow predictions for each airfoil are shown in figure 1. Note the 
significant variation in airfoil geometry. This variation was intended to provide 
a significant test of the analytical models. Predicted surface pressure distributions 
for the four airfoils are shown in figure 2. 
The two heat transfer cascades tested were run in the Allison Aerothermodynamic 
Cascade Facility (ACF). The facility, described in figure 3, provides the capability 
of obtaining both heat transfer and aerodynamic measurements at simulated engine 
conditions. The experimental measurements were made in moderate-temperature, three- 
vane cascades under steady-state conditions. The principal independent parameters 
(Mach number, Reynolds number, turbulence intensity, and wall-to-gas temperature ratio) 
were varied over ranges consistent with actual engine operation, and the test matrix 
was structured to provide an assessment of the independent influence of each parameter. 
The test matrix over which both cascades were operated is shown in figure 4. Data 
was obtained at two exit Mach numbers, 0.9 and 1.05, and over a range of exit Reynolds 
numbers from 1 . 5 ~ 1 0 ~  to 2.5~106. The inlet turbulence intensity, Tu, and wall-to-gas 
temperature ratio, T ~ / T ~ ,  were also varied. 
The method employed in the facility to obtain airfoil surface heat transfer 
measurements is shown schematically in figure 5. Basically, the exterior of the 
airfoil is instrumented with grooved surface thermocouples with this data serving 
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a s  t h e  e x t e r i o r  boundary cond i t i on  inpu t  t o  a f i n i t e  element a n a l y s i s .  The i n t e r n a l  
boundary cond i t i ons  a r e  c a l c u l a t e d  h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  t he  i n t e r n a l  cool ing  
ho le s .  These va lues  a r e  c a l c u l a t e d  from measurements of t h e  coolant  temperature,  
p re s su re  and f lowra te .  The instrumented a i r f o i l  a l s o  con ta ins  s t a t i c  p re s su re  t a p s ,  
t hus  pe rmi t t i ng  simultaneous measurement of t h e  s u r f a c e  p re s su re  and h e a t  t r a n s f e r  
d i s t r i b u t i o n s .  A t y p i c a l  s e t  of d a t a  f o r  t h e  C3X cascade i l l u s t r a t i n g  t h e  e f f e c t s  
of e x i t  Reynolds number on t h e  h e a t  t r a n s f e r  d i s t r i b u t i o n  is  shown i n  f i g u r e  6 .  
Note t h a t  t h e  h e a t  t r a n s f e r  measurement technique provides  s u f f i c i e n t  d e t a i l  t o  
c l e a r l y  s e e  t h e  e f f e c t  of Reynolds number on t r a n s i t i o n  on t h e  s u c t i o n  su r f ace .  
Data from t h e  two cascades ,  coupled wi th  t h a t  from t h e  l i t e r a t u r e  ca ses ,  provide a 
d a t a  base covering a wide range of ope ra t ing  cond i t i ons  and geometries and thus  
p re sen t  a s i g n i f i c a n t  t e s t  f o r  t h e  p r e d i c t i v e  c a p a b i l i t i e s  of t h e  a n a l y t i c a l  methods. 
The a n a l y t i c a l  methods development program cons i s t ed  of two s e p a r a t e  phases.  
I n  t he  f i r s t  phase, t h e  l i t e r a t u r e  w a s  reviewed t o  e s t a b l i s h  gene ra l  candida te  methods 
t h a t  were c h a r a c t e r i s t i c  of cu r r en t  methodology incorpora ted  w i t h i n  a c t u a l  gas t u r b i n e  
pre l iminary  des ign  systems. A s  a r e s u l t  o f  t h i s  survey,  t h r e e  2-D boundary l a y e r  
methods were chosen: an  i n t e g r a l  method, a f i n i t e  d i f f e r e n c e  ( d i f f e r e n t i a l )  method 
wi th  a zero-equation mixing l eng th  hypothes is  tu rbulence  model, and the  same d i f f e r -  
e n t i a l  method wi th  a two-equation turbulence  model. The l i t e r a t u r e  was thoroughly 
reviewed t o  o b t a i n  r e l e v a n t  a i r f o i l  h e a t  t r a n s f e r  experimental  d a t a  t o  use i n  a 
gene ra l  eva lua t ion  of  t h e  t h r e e  s e l e c t e d  boundary l a y e r  methods. The d a t a  s e t s  were 
s e l e c t e d  based on re levance  t o  r e a l i s t i c  gas t u rb ine  environments ( i . e . ,  Reynolds 
number e f f e c t s ,  free-stream turbulence  e f f e c t s ,  s t r o n g  p re s su re  g rad ien t  e f f e c t s ,  
e t c . ) .  Analy t ica l /numer ica l  s o l u t i o n s  were compared wi th  experimental  r e s u l t s .  
Based on t h e  f ind ings  of t h i s  f i r s t  phase gene ra l  methods eva lua t ion  process ,  t h e  
d i f f e r e n t i a l  method wi th  ze ro th  o rde r  tu rbulence  modeling was s e l e c t e d  f o r  t h e  
second phase of the  a n a l y t i c a l  program. The l i t e r a t u r e  was f u r t h e r  reviewed f o r  
models t h a t  had t h e  p o t e n t i a l  of t r e a t i n g  the  a i r f o i l  h e a t  t r a n s f e r  problem more 
r e a l i s t i c a l l y .  A number of t r a n s i t i o n  process  models, f ree-s tream turbulence  
augmentation models, and a s i n g l e  e x p l i c i t  l o n g i t u d i n a l  s u r f a c e  curva ture  c o r r e c t i o n  
model were s e l e c t e d  f o r  eva lua t ion .  Various s i n g l e  and/or  combined model s o l u t i o n s  
were eva lua ted  us ing  d a t a  from four  d i f f e r e n t  a i r f o i l  experiments.  This eva lua t ion  
process  even tua l ly  l e d  t o  a f i n a l  "gas t u r b i n e  a i r f o i l  s p e c i f i c "  modeling e f f o r t  
which r e s u l t e d  i n  an  e f f e c t i v e  v i s c o s i t y  formula t ion  t h a t ,  when implemented, gave 
b e t t e r  o v e r a l l  s o l u t i o n s  than  any l i t e r a t u r e  modeling approach t e s t e d  previous ly .  
F igures  7a and 7b r e s p e c t i v e l y  show t h e  unmodified and modified s u c t i o n  s u r f a c e  
h e a t  t r a n s f e r  p r e d i c t i o n s  f o r  t h r e e  d i f f e r e n t  ope ra t ing  condi t ions  us ing  t h e  STAN5 
boundary l a y e r  code f o r  t h e  Lander a i r f o i l .  I nc reas ing  run  numbers correspond t o  
increased  i n l e t  o r  e x i t  Reynolds number and free-stream turbulence  i n t e n s i t y .  The 
experimental  d a t a  a r e  represented  as symbols. Lander 's  d a t a  a r e  important  i n  t h a t  
they i l l u s t r a t e d  nominally laminar h e a t  t r a n s f e r  augmentation a t t r i b u t e d  t o  f r ee -  
s t ream turbulence  e f f e c t s ,  as w e l l  as Reynolds number e f f e c t s  r e l a t e d  t o  t r a n s i t i o n  
o r i g i n .  A s  shown i n  f i g u r e  7, t he  augmentation phenomenon i s  p red ic t ed  s i g n i f i c a n t l y  
b e t t e r  by t h e  f i n a l  model. 
F igures  8a and 8b show t h e  unmodified and modified s o l u t i o n s  compared wi th  t h e  
d a t a  of Turner.  The s i g n i f i c a n c e  given t o  Turner 's  d a t a  was t h a t  they i s o l a t e d  t h e  
e f f e c t s  of f ree-stream turbulence.  F igure  8a shows only one s o l u t i o n  because t h e  
o r i g i n a l  unmodified method d id  n o t  account f o r  t h e  e f f e c t s  of f ree-stream turbulence .  
A s  can be seen  i n  f i g u r e  8b, t h e  modified s o l u t i o n s  g ive  a very good r e p r e s e n t a t i o n  
of t he  p re s su re  s u r f a c e  experimental  d a t a .  The modified s u c t i o n  s u r f a c e  s o l u t i o n s  
g ive  reasonable  t r ends  up t o  t h e  p o i n t  where a t r a n s i t i o n  process  is  ind ica t ed  by t h e  
experimental  da t a .  Overa l l ,  t he  modified s o l u t i o n s  a r e  a s i g n i f i c a n t  improvement 
over  t h e  unmodified s o l u t i o n ,  r ep re sen t  t h e  p re s su re  s u r f a c e  d a t a  very  w e l l ,  and provide 
q u a l i t a t i v e l y  good t r ends  f o r  t h e  s u c t i o n  s u r f a c e .  
Unmodified and modified p r e d i c t i o n s  of t h e  c h a r a c t e r i s t i c  Reynolds number e f f e c t s  
i n  t he  Mark I1 cascade a r e  compared wi th  t h e  d a t a  i n  f i g u r e s  9a and 9b, r e spec t ive ly .  
It should be poin ted  ou t  t h a t  t h e  a n a l y t i c a l l y  p red ic t ed  s t agna t ion  p o i n t  w a s  d i s -  
placed approximately 5% (0.05) of p re s su re  s u r f a c e  d i s t a n c e  toward t h e  p re s su re  
s u r f a c e  away from the  extreme forward p o i n t  on the  a i r f o i l ,  which w a s  used a s  t he  
datum (0)  i n  t h e s e  f i g u r e s .  The s t a g n a t i o n  p o i n t  corresponds t o  t h e  p red ic t ed  
i n v i s c i d  flow s o l u t i o n  ze ro  v e l o c i t y  l o c a t i o n  on t h e  p re s su re  su r f ace .  Note t h a t  
t h i s  does not  correspond t o  t h e  h ighes t  l o c a l  va lue  of measured h e a t  t r a n s f e r  i n  t he  
leading  edge reg ion .  Both t h e  modified and unmodified s o l u t i o n s  r e f l e c t  t h e  proper  
t r ends  moving away from t h e  s t a g n a t i o n  po in t .  The absence of s o l u t i o n s  beyond 0.2 
normalized s u r f a c e  d i s t a n c e  on t h e  s u c t i o n  s u r f a c e  i n d i c a t e s  t h a t  a l l  s o l u t i o n s  
encountered s e p a r a t i o n  due t o  t h e  presence of  a  s u c t i o n  s u r f a c e  shock a t  the  
loca t ion .  No a t tempt  w a s  made t o  r e s t a r t  t h e  s o l u t i o n s  downstream of t he  shock. 
Overa l l ,  the  modified s o l u t i o n s  a r e  a b l e  t o  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  p r e d i c t  
t he  p re s su re  s u r f a c e  d a t a  reasonably w e l l  and y i e l d  much b e t t e r  p r e d i c t i o n s  than  
the  unmodified s o l u t i o n s ,  which p red ic t ed  p re s su re  s u r f a c e  t r a n s i t i o n .  
In  a  manner similar t o  t he  Mark I1 comparative s t u d i e s ,  t h e  experimental  r e s u l t s  
f o r  t h e  C3X cascade were a l s o  s imulated numerical ly  and t h e  p r e d i c t i o n s  a r e  shown 
i n  f i g u r e  10. F igures  10a and lob  show both unmodified and modified s o l u t i o n s  a t  
t h r e e  d i f f e r e n t  Reynolds number condi t ions .  Q u a l i t a t i v e l y ,  t h e  modified p re s su re  
s u r f a c e  s o l u t i o n s  r ep re sen t  a  s u b s t a n t i a l  improvement over t he  o r i g i n a l  (unmodified) 
approach. However t he  q u a n t i t a t i v e  p r e d i c t i o n s  (us ing  the  modified procedure) begin 
t o  d e v i a t e  s i g n i f i c a n t l y  from t h e  d a t a  along t h e  a f t  p o r t i o n s  of t he  su r f ace .  The 
s u c t i o n  s u r f a c e  p r e d i c t i o n s  of both t h e  unmodified, f i g u r e  10a, and t h e  modified, 
f i g u r e  lob  approaches y i e l d  q u a n t i t a t i v e l y  accep tab le  r e s u l t s  f o r  some of t h e  ca ses ,  
b u t  t he  ind ica t ed  s u c t i o n  s u r f a c e  t r a n s i t i o n  process  ( i . e . ,  g radual  t r a n s i t i o n )  is  
b e t t e r  represented  by t h e  modified s o l u t i o n s .  
F i n a l l y ,  i n  response t o  t h e  o b j e c t i v e s  of  t h i s  program, a recommended procedure 
was developed f o r  cons t ruc t ing  a  v i a b l e ,  2-D a i r f o i l  e x t e r n a l  convect ive h e a t  
t r a n s f e r  method f o r  gas t u r b i n e  des ign  systems, i nc lud ing  the  s p e c i f i c a t i o n  of 
boundary cond i t i ons ,  i n i t i a l  cond i t i ons ,  and p r e f e r r e d  d e f i n i t i o n s  of e f f e c t i v e  
v i s c o s i t y  determined he re  t o  be most s u i t a b l e  f o r  gas t u r b i n e  pre l iminary  des ign  
app l i ca t ions .  
The a n a l y t i c a l  and experimental  work performed under c o n t r a c t  NAS 3-22761, 
inc luding  the  recommended des ign  procedure, a r e  repor ted  i n  d e t a i l  i n  NASA CR 168015 
( r e f .  3) which w a s  publ ished i n  May, 1983. 
Work on t h e  second c o n t r a c t ,  NAS 3-23695, began e a r l i e r  t h i s  year .  This  e f f o r t  
is intended t o  extend t h e  work performed under t he  f i r s t  c o n t r a c t  i n  two r e s p e c t s .  
F i r s t ,  the  a n a l y t i c a l  boundary l a y e r  a n a l y s i s  and experimental  cascade s t u d i e s  of t h e  
f i r s t  con t r ac t  w i l l  be extended t o  inc lude  a  lead ing  edge showerhead f i l m  cool ing  
a r r a y .  Secondly, recogniz ing  t h e  long term l i m i t a t i o n s  of t h e  boundary l a y e r  approach, 
a n  a n a l y t i c a l  e f f o r t  w a s  added t o  i n v e s t i g a t e  t h e  a p p l i c a t i o n  of a Navier-Stokes 
s o l v e r  t o  t he  t u r b i n e  cascade problem. This e f f o r t  was subcontracted t o  S c i e n t i f i c  
Research Assoc ia tes ,  Inc.  (SRA) and w i l l  u t i l i z e  t h e i r  MINT code. 
The boundary l a y e r  e f f o r t s  a r e  s t r u c t u r e d  s i m i l a r  t o  t h e  f i r s t  con t r ac t .  Namely 
t h e  STANS/STANCOOL type approach t o  making h e a t  t r a n s f e r  p r e d i c t i o n s  f o r  a i r f o i l s  
wi th  leading edge f i l m  cool ing  w i l l  be  eva lua ted  and modified a s  requi red  t o  improve 
h e a t  t r a n s f e r  p r e d i c t i o n s .  These modi f ica t ions  w i l l  t hen  be v a l i d a t e d  by comparisons 
wi th  experimental  d a t a  acqui red  under t h e  c o n t r a c t .  
The experimental  program u t i l i z e s  t h e  C3X cascade from t h e  o r i g i n a l  c o n t r a c t .  
The c e n t e r ,  instrumented a i r f o i l  w a s  rep laced  w i t h  one conta in ing  f i v e  rows of f i l m  
cool ing  ho le s  i n  t h e  leading  edge reg ion .  F igure  11 i l l u s t r a t e s  t he  o r i g i n a l  
a i r f o i l  wi th  t he  r a d i a l  cool ing  ho le s  and f i n i t e  element g r i d  shown. The new 
f i l m  cooled a i r f o i l  was modified i n  t h e  l ead ing  edge r eg ion  as shown i n  f i g u r e  12. 
Downstream of t he  r eg ion  shown i n  f i g u r e  12  t h e  coo l ing  ho le  geometry and i n s t r u -  
mentat ion i s  i d e n t i c a l  t o  t h e  non-film cooled a i r f o i l  t e s t e d  under t h e  f i r s t  
c o n t r a c t .  Heat t r a n s f e r  measurements w i l l  be  made downstream of t h e  f i l m  cool ing  
a r r a y .  No h e a t  t r a n s f e r  measurements w i l l  be  made w i t h i n  t h e  a r r ay .  By us ing  a 
modified a i r f o i l  of t h e  same p r o f i l e  as one of t h e  two t e s t e d  under t he  o r i g i n a l  
c o n t r a c t ,  a good non-film cooled b a s e l i n e  w i l l  have been e s t a b l i s h e d ,  and f u l l y  
q u a l i f i e d  cascade hardware and experimental  techniques w i l l  be  employed t o  maximum 
advantage. 
The a n a l y t i c a l  e f f o r t s  on t h e  Navier-Stokes MINT code a r e  intended t o  provide  
a major s t e p  toward developing an  a n a l y t i c a l  t o o l  capable of p r e d i c t i n g  t h e  flow 
and h e a t  t r a n s f e r  i n  a f u l l  3-D t u rb ine  cascade. I n i t i a l  e f f o r t s  on the  MINT code 
w i l l  be  performed on a 2-D ve r s ion .  The "C" g r i d  genera tor  prev ious ly  used i n  t h e  
program w i l l  be  rep laced  wi th  an  "0" g r i d  genera tor .  Due t o  i t s  cons t ruc t ion ,  t h e  
"C" g r i d  r e q u i r e s  a cusped t r a i l i n g  edge. I n  s o l v i n g  t h e  t r anson ic  t u rb ine  problem, 
t h e  t r a i l i n g  edge geometry appears  t o  be very impor tan t .  I n  pre l iminary  c a l c u l a t i o n s  
wi th  t h e  "C" g r i d ,  d i sc repanc ie s  between p r e d i c t i o n s  and experimental  d a t a  i n  t he  
t r a i l i n g  edge reg ion  a r e  thought t o  be a r e s u l t  of t h e  cusped t r a i l i n g  edge approxi- 
mation. The a d d i t i o n  of t h e  "0" g r i d  gene ra to r  t o  t h e  program should enhance i t s  
c a p a b i l i t i e s .  
The 2-D ve r s ion  of t h e  code wi th  t h e  "0" g r i d  gene ra to r  w i l l  be  used t o  make 
p r e d i c t i o n s  f o r  the  cascades t e s t e d  under t h e  f i r s t  c o n t r a c t .  The comparison of 
t h e  p r e d i c t i o n s  wi th  t h e  d a t a  w i l l  s e rve  a s  v e r i f i c a t i o n  of t h e  code modi f ica t ions .  
Following t h e s e  comparisons the  code w i l l  be  extended t o  handle t h e  f u l l  3-D case  
and a sample c a l c u l a t i o n  f o r  a 3-D cascade w i l l  b e  made. The f i n a l  mod i f i ca t ion  
scheduled t o  be made t o  t h e  code is the  inco rpora t ion  of a f i l m  c o o l i n g - t r a i l i n g  
edge blowing c a p a b i l i t y  i n t o  the  code. Following completion of a l l  modi f ica t ions  
t o  the  code, SRA w i l l  assist NASA personnel  i n  running demonstrat ion cases  wi th  t h e  
code on the  NASA Lewis computer. 
Progress  on t h e  second c o n t r a c t  has  been made on both a n a l y t i c a l  e f f o r t s  and on 
t h e  experimental  e f f o r t .  The boundary l a y e r  a n a l y t i c a l  e f f o r t s  have concent ra ted  
on eva lua t ing  the  STANS/STANCOOL programs a b i l i t i e s  t o  p r e d i c t  hea t  t r a n s f e r  t o  
c i r c u l a r  cy l inde r s .  This  is t h e  i n i t i a l  s t e p  i n  p r e d i c t i n g  t h e  a i r f o i l  l e ad ing  edge 
f i l m  cool ing problem. Comparisons of t he  p r e d i c t i o n s  f o r  both s o l i d  c y l i n d e r s  and 
f i lm  cooled c y l i n d e r s  were made wi th  the  d a t a  i n  r e f e rence  4. Based on these  r e s u l t s  
e f f o r t s  a r e  c u r r e n t l y  underway t o  make mod i f i ca t ions  t o  t he  models t o  improve t h e i r  
c a p a b i l i t i e s .  
Progress  on t h e  MINT code inc ludes  i n s t a l l a t i o n  and checkout of t h e  program on 
t h e  NASA Lewis computer. I n  a d d i t i o n ,  t h e  "0" g r i d  genera tor  has  been developed and 
sample "0" g r i d s  have been cons t ruc ted .  E f f o r t s  on v e r i f y i n g  the  c a p a b i l i t i e s  of 
t h e  program wi th  t h e  "0" g r i d  genera tor  by comparing p r e d i c t i o n s  wi th  cascade da t a  
s e t s  a r e  c u r r e n t l y  underway. 
Under t h e  experimental  phase of t he  c o n t r a c t  t h e  new C3X a i r f o i l  containi.ng 
the  leading edge "showerhead" f i lm  cool ing  a r r a y ,  has  been designed,  f a b r i c a t e d ,  
instrumented 
has  s t a r t e d .  
by May, 1984. 
and i n s t a l l e d  i n  t h e  cascade. Prel iminary t e s t i n g  of the  cascade 
Technical  e f f o r t s  on t h i s  program a r e  scheduled t o  be completed 
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Figure  1. A i r f o i l  p r o f i l e s  wi th  i n v i s c i d  flow a n a l y s i s  g r i d .  
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Figure 2.  A i r f o i l  p red ic t ed  p re s su re  d i s t r i b u t i o n .  
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Figure 3. Allison Aerothermodynamic Cascade Facility 
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Figure 4. Cascade test matrix. 
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Figure 5. Heat t r a n s f e r  measurement technique.  
N o m i ~ l  conditions - Exit Reyn~lds~No, 
Figure  6 .  Reynolds number e f f e c t  on s u r f a c e  h e a t  t r a n s f e r  
d i s t r i b u t i o n  f o r  C3X a i r f o i l .  
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Figure 7. STAN5 solut ions  compared with Lander a i r f o i l  suction surface 
experimental heat transfer coe f f i c i ent  data i l lus trat ing  the combined 
e f f e c t s  of varying Reynolds number and free-stream turbulence intensi ty .  
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(b) Modified STAN5 resul t s  
Figure 8. STAN5 solutions chpared with Turner a i r f o i l  experimental 
heat transfer coeff ic ient  data i l lus trat ing  the e f fec ts  
of varying free-stream turbulence intensi ty .  
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Figure 9.. STAN5 solutions compared with Mark I1 a i r f o i l  experimental 
heat transfer coef f i c ient  data i l lus trat ing  the e f f e c t s  
of varying e x i t  Reynolds number. 
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Figure 10. STAN5 s o l u t i o n s  compared wi th  C3X a i r f o i l  experimental hea t  
t r a n s f e r  c o e f f i c i e n t  da ta  i l l u s t r a t i n g  the  e f f e c t s  
of varying Reynolds number. 
Figure  11. C3X a i r f o i l  c ros s  s e c t i o n  wi th  f i n i t e  element g r i d  
and cool ing  ho le  l o c a t i o n s  f o r  c o n t r a c t  NAS 3-22761. 
F igure  12. Modified l ead ing  edge reg ion  of C3X a i r f o i l  f o r  f i l m  
cool ing  s t u d i e s  i n  c o n t r a c t  NAS 3-23695. 
